Recent experiments using optogenetic tools allow the identification and functional analysis of thirst neurons and vasopressin producing neurons. Two major advances provide a detailed anatomy of taste for water and arginine-vasopressin (AVP) release: (1) thirst and AVP release are regulated not only by the classical homeostatic, intero-sensory plasma osmolality negative feedback, but also by novel, extero-sensory, anticipatory signals. These anticipatory signals for thirst and vasopressin release converge on the same homeostatic neurons of circumventricular organs that monitor the composition of the blood; (2) acid-sensing taste receptor cells (which express polycystic kidney disease 2-like 1 protein) on the tongue that were previously suggested as the sour taste sensors also mediate taste responses to water. The tongue has a taste for water. The median preoptic nucleus (MnPO) of the hypothalamus could integrate multiple thirst-generating stimuli including cardiopulmonary signals, osmolality, angiotensin II, oropharyngeal and gastric signals, the latter possibly representing anticipatory signals. Dehydration is aversive and MnPO neuron activity is proportional to the intensity of this aversive state.
In a previous Annals of Nutrition and Metabolism [1] , I reviewed recent cellular and optogenetic animal experiments demonstrating that brain circumventricular organ sensors reacting to osmotic pressure and angiotensin II (AII) subserve the genesis of thirst, volume regulation, and behavioral effects of thirst avoidance.
I am now describing a detailed wiring map for thirst (i.e., including anticipatory signals for thirst and vasopressin release converging on the same homeostatic neurons), circumventricular organs that monitor the composition of the blood [2] , and the identification of specific water receptor taste cells [3] . The median preoptic nucleus (MnPO) of the hypothalamus could integrate multiple thirst-generating stimuli [4, 5] . These new data from opThis article is licensed under the Creative Commons AttributionNonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution for commercial purposes as well as any distribution of modified material requires written permission. togenetic experiments done in rodents explain findings obtained in humans using blood oxygen level-dependent (BOLD) signals demonstrating that the increase in the lamina terminalis (LT) BOLD signal observed during an infusion of hypertonic saline is rapidly decreased after water intake well before any water absorption in blood [18] .
Intero-Sensory and Extero-Sensory Regulation of Thirst and Vasopressin Release (Fig. 1) Intero-sensory stimuli: perception of osmolality (increased with intracellular dehydration) and, through AII, plasma volume and perfusion pressure (both decreased with extracellular dehydration). Importance of sodium x (Nax) signals to distinguish water depleted from salt depleted conditions.
(a) Osmoreceptor cells of the subfornical organ (SFO) bear AII receptors and project to vasopressin producing cells in the supraoptic nucleus (SON) and paraventricular nucleus (PVH).
Homeostatic neurons of the SFO are osmoreceptor cells and, through their AII receptors, perceive plasma volume and vascular perfusion pressure. This is the classical intero-sensory regulation responsible for conscious thirst perception, since these neurons project to the anterior cingulate cortex [6] . These SFO neurons are also responsible for vasopressin release since they project to vasopressin producing neurons in the SON and PVH [7] . Extracellular fluid hyperosmolality stimulates the sensation of thirst to promote water intake and the release of vasopressin that will enhance water reabsorption in the kidney. By contrast, extracellular fluid hypo-osmolality suppresses basal vasopressin secretion. Thirst and vasopressin release appear, thus far, as a purely homeostatic response to deviations in intero-sensory stimuli: blood osmolality, pressure, or volume.
(b) Two types of AII receptor type 1a-positive excitatory neurons exist in the subfornical organ. Nax is expressed in glial cells surrounding SFO cells and serves to distinguish water depleted from salt depleted conditions, both stimulated by AII.
AII drives both thirst and salt appetite. Matsuda et al. [8, 9] showed that thirst and salt appetite are driven by 2 distinct groups of AII (receptor type 1a-positive excitatory) neurons in the subfornical organ. Neurons projecting to the organum vasculosum LT control water intake, while those projecting to the ventral part of the bed nucleus of the stria terminalis control salt intake. Thirstdriving neurons are suppressed under sodium-depleted conditions. In contrast, the salt appetite-driving neurons are suppressed under dehydrated conditions through activation of GABAergic neurons by Nax signals [10] . These distinct mechanisms in the subfornical organ may underlie the selective intakes of water and/or salt and may contribute to body fluid homeostasis (Fig. 2) . The techniques used in the 1960s and 1970s to describe these intero-sensory stimuli lacked the ability to track thirst neurons of the LT and vasopressin neurons projecting to the posterior pituitary in real time in conscious animals, and so could not assess extero-sensory information regulating these processes [11] .
Extero-Sensory Stimulation Anticipates Thirst Stimulation and Vasopressin Release: Importance of Taste Water Receptors
Recent experiments using optogenetic tools [12] in awake animals demonstrate that a substantial fraction of normal drinking behavior and vasopressin release are not regulated directly by changes in the blood. Instead, this behavior appears to anticipate homeostatic changes before they occur [13] . Anticipatory signals for thirst and vasopressin release converge on the same homeostatic neurons, subfornical organ neurons, which monitor the tonicity of blood [14, 15] . The activity of subfornical organ excitatory neurons (SFO Nos1 ; Fig. 1 ) [1, 7, 16, 17] , activated by water restriction, rapidly return to baseline after water access, well before any measurable change in plasma osmolality occurs [14] . This rapid anticipatory response to drinking has been suggested by blood oxygen level-dependent (i.e., functional magnetic resonance imaging BOLD signal) measurements during thirst stimulation in humans. The BOLD signal from the anterior cingulate cortex area, known to be responsible for the conscious perception of thirst, decreased rapidly after water consumption, well before any systemic absorption of water [18] . There is a delay of approximately 10 min [19] between the ingestion of water and its full absorption into the bloodstream. These new data explain how drinking can quench thirst within seconds, long before the ingested water alters blood volume or osmolality. The rapid anticipatory response to drinking has at least 2 components: an immediate signal that tracks fluid ingestion, and a delayed signal that reports fluid tonicity, possibly generated by an esophageal or gastric osmosensor.
The recently described water taste receptor cells could be this immediate signal tracking fluid ingestion [3] . Oka et al. [7] at the California Institute of Technology in Pasadena demonstrated that the tongue has a taste for water: they found that applying deionized water to the tongues of mice caused specific taste nerves to fire. This was due to a change in the pH of the saliva as it was diluted by the water. The team engineered mice to make their sour taste (acid-sensing) receptors sensitive to light. In response to light stimulation, mice continuously tried to drink from an empty bottle -but only if they had previously been deprived of water. This suggests that the activation of these tongue cells drives drinking behavior when an animal is thirsty. Mice lacking acid-sensing taste receptors lost the ability to distinguish water from non-aqueous liquids such as oil. Esophageal and/or gastric sensors could also convey organ-specific information via the sensory vagus nerve [20] , in a manner similar to the concept of appetite control suggested by Andermann and Lowell [21] . This involves feedforward control of hypothalamic activity via external cues regarding mealtimes, food, and water availability; this activity regulates feeding and water absorption to prevent future homeostatic perturbations. These rapid, bidirectional feedback and feedforward predictive signals are ubiquitous; they have been described in the control of feeding, water circuits [21] , and in the cardiovascular system [22] . As commented by Andermann and Lowell [21] citing the work of Carpenter [23] , "the whole of the brain may be regarded as a way of helping the hypothalamus to do a better job, by making better predictions of what is going to happen next, and what is likely to follow from one course of action rather than another."
From a Darwinian point of view, the rapid, volumetrically exact intake of water (i.e., consequent upon thirst or a salt solution in the case of sodium depletion), carries high survival advantage. It permits animals to go to a water or salt source, to rapidly correct the deficit and leave the place, reducing their exposure to predators that have learned to wait there [24] .
Coordination of Eating, Drinking, and Vasopressin Release
Eating increases the need for water for 2 reasons: (1) there is a need to replace the fluid utilized for swallowing (saliva) and digestion (water diverted from the circulation into the gastrointestinal tract); and (2) to counteract the increase in blood osmolality caused by the absorption of salts and other osmoles from food. As described recently in a review on thirst, [13] anticipatory signals about ongoing food ingestion are communicated to the LT by multiple mechanisms. For example, somatosensory signals from the oral cavity report on food swallowing or its effects on the saliva. Further, several hormones associated with eating and satiety have been proposed to modulate thirst neurons and vasopressin release, including amylin, cholecystokinin, ghrelin, histamines, insulin, and leptin. Some of these hormones might be elevated in patients with diabetes mellitus and may explain their high vasopressin plasma concentration [25] .
The responses to drinking and feeding are bidirectional, yet asymmetric. Using electrophysiological recordings (i.e., of genetically identified SON pituitaryprojecting vasopressin (VP pp ) neurons in water-restricted mice), Mandelblat-Cerf et al. [15] observed rapid decreases in neuron activity within seconds of presentation of cues signaling water availability, prior to water ingestion. In contrast, ingestion of dry food -a hyperosmotic challenge -elicited rapid increases in VP pp neuron activity prior to any increase of plasma osmolality. If prandial thirst is not quenched by drinking, then further food consumption is reduced; known as dehydration-induced anorexia, this phenomenon could be observed in young patients with congenital nephrogenic diabetes insipidus [26] . Altogether, these new data explain the speed of thirst satiation, the fact that oral cooling is thirstquenching, and the widespread coordination of eating, drinking, and vasopressin release. Feedforward signals for thirst do not work in parallel and or apart from homeostatic thirst neurons, but instead work through homeostatic neurons.
Anticipatory, feedforward signals for thirst and vasopressin release converge on the same homeostatic neurons detecting the feedback signals of osmolality and circulating AII as shown in Figure 1 . The anticipatory signals explain the speed of thirst satiation and the widespread coordination of eating, drinking, and vasopressin release (modified figure from [14] .
An illustration of new data described in this review on the cell type-specific neural circuits that underlie thirst and fluid homeostasis in the mouse brain (modified from [2] ; [27] , and from Gizowski and Bourque [5] ) is shown in Figure 2 . The LT consists of 2 sensory circumventricular organs (the SFO and organum vasculosum of the LT [OVLT]) and an integrative structure (the MnPO). Information about plasma osmolality, volume, and pressure enters the LT through specialized interoceptive neurons in the SFO and OVLT, some of which are intrinsically osmosensitive and AII-sensitive (for example, SFO GLUT neurons). The LT nuclei communicate with each other through an extensive network of bidirectional projections that has not yet been fully mapped with cell-type specific- Water taste receptors on fungiform cells of the tongue drive drinking behavior. Information about plasma sodium enters the circuit through specialized aldosteronesensitive neurons in the nucleus of the solitary tract (NTS) that express 11β-hydroxysteroid dehydrogenase type 2 (NTSHSD2 neurons), which promote salt appetite and project to the pre-locus coeruleus (pre-LC), parabrachial nucleus, and BNSTvl.
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